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Glucocorticoids are widely used to treat patients with autoimmune diseases such as systemic lupus erythematosus (SLE) 1, 2 . However, regimens used to treat many such conditions cannot maintain disease control in the majority of SLE patients and more aggressive approaches such as high-dose methylprednisolone pulse therapy are used to provide transient reductions in disease activity 3, 4 . The primary anti-inflammatory mechanism of glucocorticoids is thought to be NF-kB inhibition 5 . Recognition of self nucleic acids by toll-like receptors TLR7 and TLR9 on B cells and plasmacytoid dendritic cells (PDCs) is an important step in the pathogenesis of SLE 6 , promoting anti-nuclear antibodies and the production of type I interferon (IFN), both correlated with the severity of disease 1, 7 . Following their activation by self-nucleic acid-associated immune complexes, PDCs migrate to the tissues 8, 9 . We demonstrate, in vitro and in vivo, that stimulation of PDCs through TLR7 and 9 can account for the reduced activity of glucocorticoids to inhibit the IFN pathway in SLE patients and in two lupus-prone mouse strains. The triggering of PDCs through TLR7 and 9 by nucleic acid-containing immune complexes or by synthetic ligands activates the NF-kB pathway essential for PDC survival. Glucocorticoids do not affect NF-kB activation in PDCs, preventing glucocorticoid induction of PDC death and the consequent reduction of systemic IFN-a levels. These findings unveil a new role for self nucleic acid recognition by TLRs and indicate that inhibitors of TLR7 and 9 signalling could prove to be effective corticosteroid-sparing drugs.
SLE is an autoimmune disease characterized by chronic stimulation of the innate immune system by endogenous nucleic acids 1, 6 . SLE patients are often treated with strong immunosuppressive regimens, including cytotoxic drugs, antimalarial compounds and glucocorticoids 1, 2 . Type I IFNs are central to disease pathogenesis; increased expression of IFN-regulated genes, termed the IFN-signature, correlates with autoantibodies and disease activity 1, 7 . PDCs are the major source of IFN-a induced by nucleic acid-containing immune complexes 6 . Once activated by self DNA/chromatin or small nuclear ribonucleoprotein particle (snRNP)-containing immune complex 6 , PDCs migrate from the blood into inflamed tissues including the skin 8 and kidney 9 . Glucocorticoids have strong anti-inflammatory effects on both acquired and innate immune functions. They inhibit B and T cell responses and effector functions of monocytes and neutrophils. At the cellular level, glucocorticoids inhibit NF-kB activity, thought to be the main mechanism by which glucocorticoids exert their anti-inflammatory effects 5 . In lupus, glucocorticoids are typically administered orally on a daily basis, as the typical every other day regimens cannot maintain disease control. When doses greater than 40 mg per day are required, patients receive intravenous methylprednisolone (Solu-Medrol) pulse therapy (30 mg kg 21 up to 1 g day 21 ). Such treatment can transiently reduce disease activity, but often does not induce remission or prevent end organ damage [2] [3] [4] . The reason why treatment of SLE requires much higher glucocorticoid doses than many other autoimmune diseases is not clear.
Lupus patients without treatment or with maintenance hydroxychloroquine (HCQ) treatment (200-400 mg day 21 ) display characteristic transcriptional changes in their blood cells (Fig. 1a, left) . These changes can be analysed using 'modules' of transcriptionally co-regulated genes 10 . Multiple transcriptional modules normalize in patients receiving oral glucocorticoids (5-20 mg day 21 ) and/or mycophenolate mofetil (Fig. 1a) , reflecting the strong immunosuppressive effect of glucocorticoids. However, the IFN pathway is not affected in patients treated by oral glucocorticoids (Fig. 1a and 71 SLE patients summarized in Fig. 1c) . Consistent with this, glucocorticoids do not significantly reduce the production of IFN-a upon PDC activation with the TLR7 and 9 ligands influenza virus (FLU) or a CpG-containing immunostimulatory sequence (CpG-ISS), or with immune complexes from SLE patients (Fig. 1b and Supplementary Fig. 1a ). This was confirmed by IFN-a protein levels (Supplementary Fig. 2b ). Addition of a bifunctional TLR7 and 9 inhibitor, called immunoregulatory sequence (IRS, dashed line) 11 however, was effective at blocking IFN-a production ( Fig. 1b and Supplementary  Fig. 1a) .
In contrast, intravenous pulse therapy can normalize the IFN signature (Fig. 1a, c) . This correlates with a reduction in PDCs (Fig. 1c) but not other cells, such as CD14 1 monocytes, in the blood (Fig. 1c) . Similar reduction of PDCs is observed in healthy donors but at much lower glucocorticoid doses (15 mg day 21 ) 12 , indicating that continuous triggering of TLR7 and 9 on PDCs by immune complexes in SLE patients counteracts the activity of glucocorticoids on the IFN pathway. The partial reduction in PDC numbers with oral glucocorticoid treatment did not significantly affect IFN module expression, which includes 36 type-I-IFN-inducible transcripts. The inhibition of the IFN-signature by pulse therapy is transient, returning to pre-pulse levels by day 8 ( Fig. 1e and Supplementary Fig. 1b) . Similarly, the number of PDCs is markedly reduced 1 day after pulse therapy but rebounds by day 6 (Fig. 1d, e) .
Glucocorticoids induce apoptosis in many cell types 13 , including PDCs, where TLR signalling confers partial protection 14 . Freshly isolated PDCs from healthy donors stimulated with TLR7 or TLR9 ligands were protected from glucocorticoid-induced cell death ( Fig. 2a and Supplementary Fig. 2a, b) . This dose-dependent protection correlated with the production of IFN-a by PDCs (Supplementary Fig. 2b ) supporting our data at a single cell level (Fig. 1b) . Blocking this pathway with IRS 954 (ref. 11) restored glucocorticoid sensitivity to PDCs in vitro (Fig. 2a, b) although IRS 954 itself was not cytotoxic (Supplementary Fig. 2c ). Likewise, RNP-associated immune complex (RNP-IC) from SLE patients protected PDCs (Fig. 2a) , a finding directly relevant to SLE. Type I IFNs were not required for protection by TLR7 and 9 ligands as neutralizing antibodies for type I IFN did inhibit protection (Fig. 2b) and IRSmediated cell death was not reversed by exogenous IFN-a (Fig. 2b) . Thus signalling through TLR7 or TLR9 protects human PDCs from glucocorticoid-induced cell death.
The signalling pathway of TLR-mediated PDC survival was examined with specific inhibitors of molecules involved in TLR signalling: phosphatidylinositol-3-OH (PI-3) kinase , p38 mitogenactivated protein kinase (MAPK) and NF-kB 15, 16 . Inhibitors of NF-kB, but not of p38 or PI-3 kinase blocked PDC survival induced by stimulation through TLR9 (Fig. 2c) and TLR7 (not shown). We confirmed this with three different NF-kB inhibitors (Fig. 2d) . Exogenous IFN-a had no effect as well ( Supplementary Fig. 2e ). Increased NF-kB transcriptional activity was observed in TLR9-stimulated PDCs relative to unstimulated cells (Fig. 2e) . Although glucocorticoids can inhibit NF-kB in many cellular systems (Fig. 2g  and ref. 5) , we observed no inhibition of NF-kB measured by DNA-binding activity (Fig. 2f) or p65 phosphorylation after TLR7/ 9 triggering in PDCs ( Supplementary Fig. 3a, b) . The inability of glucocorticoid-treated SLE patients strictly correlates with circulating blood PDCs. a, Module level analysis from whole blood from 29 SLE patients with (n 5 18) or without (n 5 11) oral glucocorticoid (GC) treatment as described 10 . Disease activity index (SLEDAI) and therapy used are indicated at the bottom. HCQ, hydroxychloroquine; MMF, mycophenolate mofetil. b, Purified PDCs were grown alone or with Flu or purified anti-RNP-IC either alone or with glucocorticoids (10 25 M) or IRS and assayed for IFN-a secretion at 3 h. c, Top panel: interferon module expression levels (average from transcripts within the IFN module displayed in a) in SLE patients untreated (n 5 30), on 5-10 mg (n 5 29) or on 20-30 mg (n 5 6) daily oral Prednisone and on intravenous (i.v.) methylprednisolone pulse (three consecutive doses, n 5 6). Middle and lower panels: blood PDC and monocyte numbers in SLE patients untreated (n 5 13), on 5-10 mg daily oral glucocorticoids (n 5 27), oral daily glucocorticoids 20-30 mg (n 5 16) and the day after intravenous pulse (n 5 6). NS, not significant. d, Representative flow cytometry analysis of PDCs before and 1 and 6 days after intravenous pulse. e, Top: quantification of the average interferon module level expression (Nanostring, see Supplementary Fig. 1 ) in healthy controls (n 5 9), SLE patients before intravenous pulse (n 5 26) and at day 1 (n 5 1) and day 8 after the pulse (n 5 2). Bottom: PDCs frequency in the CD11c population patients before intravenous pulse (D0, n 5 10) and at day 1 (n 5 9) and day 6 after pulse (n 5 2). Data are plotted as mean 6 s.e.m.
glucocorticoids to interfere with the NF-kB pathway in PDCs may explain why TLR-activated PDCs are resistant to glucocorticoidmediated death.
We next investigated the effect of glucocorticoids on PDCs in mouse models in vivo. In normal mice, PDCs were extremely sensitive to glucocorticoid treatment and promptly disappeared from blood ( Fig. 3a) and spleen (Fig. 3b) . Other TLR9
1 cell types, including conventional dendritic cells (cDC) ( CD11c 1 ) and B cells (B220 1 ) were similarly reduced (Fig. 3a, b) . In contrast, neutrophils (GR1 1   ) were not responsive to glucocorticoid treatment, consistent with observations that glucocorticoids promote survival, not death, of human neutrophils in vitro 17 . TLR9 activation in vivo with CpG-ISS afforded significant protection from glucocorticoid-induced cell death to conventional and PDCs in both spleen and blood (Fig. 3c,  d ). Splenic B cells were similarly protected from death by TLR9 activation, but circulating blood B cells were not (Fig. 3c, d ). Co-injection of IRS prevented CpG-ISS-induced activation ( Supplementary Fig. 4) , resulting in increased glucocorticoid-induced cell death in both blood and spleen (Fig. 3c, d) . Thus, naive circulating PDCs are significantly more susceptible to glucocorticoid-induced cell death than TLR-activated PDCs in vivo.
We studied this phenomenon in a disease model using the lupuspronemousestrains(NZBxNZW)F 1 andTLR7.Tg.6.The(NZBxNZW)F 1 mice spontaneously develop a disease resembling human SLE with increased nucleic-acid-containing immune complexes. Type I IFNs are associated with development of disease [18] [19] [20] [21] and blocking TLR7 and 9 reduced autoantibody titres and end-organ damage 22 . The TLR7.Tg.6 strain displays increased TLR7 expression, accumulation of anti-RNA autoantibodies, upregulation of type I IFN gene signature and an autoimmune syndrome resembling human SLE 23 . Both strains are models of spontaneous autoimmunity due to recognition of endogenous nucleic acids by TLR7 and 9 as in SLE patients.
Confirming our hypothesis, TLR7 and 9 bearing cells such as PDCs, cDCs and B cells were significantly more resistant to glucocorticoid-induced death in lupus-prone mice compared to normal strains such as 129 or C57BL/6, in which 0.5 mg glucocorticoids induced a 50-75% reduction in live PDCs (Fig. 4a, b) . In both lupus strains, as in SLE patients, chronically activated cells thus have a reduced response to glucocorticoid treatment. Blocking TLR7 and 9 in vivo with IRS 954 enhanced the sensitivity to glucocorticoids of PDCs, cDCs and B cells in both spleen (Fig. 4c, d ) and blood ( Supplementary Fig. 5a, b) . The expansion of neutrophils after glucocorticoid treatment ( Supplementary Fig. 5a, b) is consistent with the expansion of granulocytes in mice and humans following glucocorticoid administration 12, [24] [25] [26] and with the persistence of a low density neutrophil gene signature after high dose steroids in SLE patients 27 . Interestingly, we observed a reduction of the glucocorticoid-induced neutrophil expansion after IRS administration (Supplementary Fig. 5a , b) perhaps indicating that blocking TLR7 and 9 could have an impact on the dysregulated granulopoiesis in SLE. Inhibition of TLR7 and 9 was similar in both lupus-prone mouse strains and specific for nucleic acid-induced inflammation as (1) IRS do not induce cell death without glucocorticoids ( Supplementary  Fig. 6a, b) , (2) blocking TLR7 and 9 has no effect on PDCs in normal mice injected with glucocorticoids ( Supplementary Fig. 6c ) and (3) PDCs from young (NZBxNZW)F 1 mice (before disease onset) were more sensitive to glucocorticoids than PDCs from older mice (Supplementary Fig. 6d ). The increased glucocorticoid activity in mice pre-treated with IRS was significant at glucocorticoid doses that had no effect on PDC survival in normal mice ( Supplementary  Fig. 7a ). These findings support the hypothesis that innate inflammation through self nucleic acid recognition is a dominant feature in the unresponsiveness of SLE patients to glucocorticoid treatment. As observed in human SLE, type I IFN-regulated genes are stimulated to some extent in both (NZBxNZW)F 1 and TLR7.Tg.6 model 18, 23 . In both lupus-prone strains, IRS pre-treatment reduced the expression of IFN-regulated genes but not TNF-a ( Supplementary Fig. 7b, c) , demonstrating that activation through TLR7 and 9 is central to inflammation in these mice.
SLE is a complex autoimmune disease and the evaluation of new drugs has proven difficult even for therapeutics approved for other autoimmune diseases. The possibility to reduce glucocorticoid doses in patients while maintaining its cytotoxic activity on PDCs offers significant promise. We show here that the chronic stimulation of 
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PDCs through TLR7 and 9 by circulating self nucleic acid-containing autoantibodies results in the induction of type I IFN, but additionally in the reduced therapeutic activity of glucocorticoids. This provides novel understanding of the role of self recognition of DNA and RNA by TLR as an important inflammatory amplifier in SLE. These data also stress the potential use of bi-functional TLR7 and 9 inhibitors such as IRS as corticosteroid-sparing drugs.
METHODS SUMMARY
Reagents. Phosphorothioate oligodeoxynucleotides (ODNs) (CpG-C ISS (C274) as TLR9 ligand and IRS 954 as inhibitor of TLR7 and TLR9, ref. 11) were prepared as described previously 28 . Heat-inactivated influenza virus (H1N1, strain A/PR/8/34) was obtained from ATCC. Hydrocortisone and dexthametasone (DEX) were purchased from Sigma. Purification of anti-RNP immune complex was performed as described previously 11 . Patients and healthy donors. Paediatric patients were recruited at Baylor University Medical Center, Texas Scottish Rite Hospital, and Children's Medical Center, all in Dallas, Texas, USA. The study was approved by the institutional review board of all three institutions. Informed consents were obtained from all patients (legal representatives and patients over 10 years of age). The demographic characteristics of 71 SLE patients are displayed in Supplementary Table 2. Blood samples were analysed by flow cytometry using standard techniques. glucocorticoid-induced cell death compared to normal mice because of TLR7 and 9 activation by self-nucleic acid. a, b, Normal (closed symbols) and lupus-prone (open symbols) animals were either left untreated or treated with dexamethasone (GC). Cell numbers in blood (a, fold change to pre-bleed) and spleens (b, fold change to untreated) was assessed 18 h later. Cumulative data of at least three independent experiments is shown. *** P # 0.001 indicate differences between both lupus strains from either normal strains. 129 and B6, normal mice; TLR7 and NZB, lupus-prone mice. c, d, (NZBxNZW)F 1 and TLR7.Tg.6 mice (c and d, respectively) were left untreated or treated with glucocorticoids alone or in the presence of IRS or control (CTRL) ODN (100 mg per mouse sub-cutaneously) given every 3 days for 10 days before the glucocorticoid treatment. Viability was assessed in the spleen 18 h after DEX. Cumulative data of two independent experiments is shown.
A set of transcriptional modules (Supplementary Table 1 ) was used as a framework for the analysis of microarray data as reported previously 10 . In some cases, we used the nCounter Analysis System (NanoString Technologies) as described previously 29 .
Isolation and in vitro stimulation of purified PDCs and measurement of cell survival. Buffy coats were obtained from the Stanford Blood Center and cells were used under internal Institutional Review Board-approved protocols. PDCs were isolated as previously described 30 . For assessing the viability of PDCs, we used flow cytometry and the Invitrogen ''live or dead cell viability kit'' according to manufacturer instructions. Treatment of mice and cellular analysis. Mice used were 8-12-weeks-old C57BL/6 and 129 mice as well as 16-17-weeks-old (NZBxNZW)F 1 female and the recently described TLR7.6 transgenic mice overexpressing TLR7 (ref. 23 ) used at 8 weeks of age. Mice were analysed after 18 h from DEX administration by flow cytometry using standard techniques and gene expression was performed using real-time quantitative PCR (TaqMan) analysis.
Full Methods and any associated references are available in the online version of the paper at www.nature.com/nature.
METHODS
Reagents. Phosphorothioate ODNs were prepared as described previously 28 . The prototype for ISS class C used was: CpG-C (C274): 59-TCGTCGAACGTTC GAGATGAT-39. The prototype for inhibitor of TLR7 and 9 used was IRS 954, 59-TGCTCCTGGAGGGGTTGT-39 (ref. 11). Control oligonucleotide was 59-TCCTGCAGGTTAAGT-39. Heat-inactivated influenza virus (H1N1, strain A/PR/8/34) was obtained from ATCC. Hydrocortisone and dexthametasone were purchased from Sigma. Purification of anti-RNP-IC was performed as described previously 11 . Human IFN-a ELISA set were purchased from PBL Biomedical Laboratories. PI-3 kinase inhibitor LY294002 (LY), p38 MAPK inhibitors SB203580 and p38 MAPK III, and NF-kB inhibitor (IKK-2 IV) were purchased from Calbiochem. P50 and NEMO inhibitory peptides were purchased from Imgenex. Patients and healthy donors. Paediatric patients were recruited at Baylor University Medical Center, Texas Scottish Rite Hospital, and Children's Medical Center, all in Dallas, Texas, USA. The study was approved by the institutional review board of all three institutions. Informed consents were obtained from all patients (legal representatives and patients over 10 years of age). The demographic characteristics of 71 SLE patients are displayed in Supplementary  Table 2 . Briefly, they were 85% females, 15% males; 42% Hispanic, 32% African Americans, 15% White. The average patient age was 14.1 6 2.4 years. The average SLE disease activity index (SLEDAI) was 8.2 6 6.1. Forty one healthy ageand ethnicity-matched children were included in microarray and nanostring experiments as controls. Blood sample collection. Blood samples for gene expression analysis were collected in Tempus tubes and immediately delivered to Baylor Institute for Immunology Research at room temperature and stored at 220 uC before processing. For flow cytometry analysis, 100 ml of blood and 3-10 ml of each antibody were incubated for 30 min. The blood was then lysed with FACS Lysing Solution (BD Biosciences), rinsed with PBS, centrifuged at 300g for 10min, and resuspended in 1% paraformaldehyde. Samples were then acquired on a FACSCalibur flow cytometer and analysed with CellQuest software (BD Biosciences). The following fluorochrome-conjugated anti-human antibodies were used for whole-blood staining: LINEAGE-fluorescein isothiocyanate (FITC) cocktail (containing CD3, CD14, CD16, CD19, CD20 and CD56), CD123-phycoerythrin (PE), HLA-DR-peridin chlorophyll protein (PerCP), CD11c-allophycocyanin (APC), CD4-FITC, CD8-PE, CD3-PerCP, and CD14-APC (BD Biosciences). Modular analysis. A set of transcriptional modules was used as a framework for the analysis of microarray data. The approach used for the construction of such framework was reported previously 10 . Briefly, genes with coordinate expression within or across whole-blood data sets corresponding to nine human diseases were selected in multiple rounds of clique and paraclique clustering to form a transcriptional module framework. Ingenuity Pathway Analysis (IPA) (Ingenuity Systems), PubMed and iHOP databases were used for module annotation and functional analysis. Module expression level is defined as the average normalized data for all the genes in the module (supplemental Table 1 ). Colour intensity indicates the proportion of genes within each module that are expressed at significantly different levels in SLE patients. Red, overexpressed; blue, underexpressed. Expression was normalized to an age-and ethnicity-matched control group (n 5 9). NanoString nCounter assay. The details of the nCounter Analysis System (NanoString Technologies) were described previously 29 . The nCounter code set include 240 genes of interest and 20 control genes. Samples were hybridized using 100 ng of total RNA. The expression levels of each gene were normalized to those of 20 control genes. Isolation and in vitro stimulation of purified PDCs and measurement of cell survival. Buffy coats were obtained from the Stanford Blood Center and cells were used under internal Institutional Review Board-approved protocols or from adult healthy donors (Saint-Antoine Crozatier Blood Bank, Paris, France) where all donors signed informed consent to allow the use of their blood for research purposes. PDCs were isolated either by using positive selection using BDCA-4-conjugated beads or by using negative depletion (Miltenyi Biotech) as described previously 30 . PDCs were 94-99% BDCA 21 CD123 1 as determined by flow cytometry. For viability 1 3 10 5 PDCs were stimulated in 96-well plates with CpG-C (0.5 mM), or FLU (2 multiplicities of infection) in the presence of different doses of hydrocortisone. Alternatively, 1 3 10 5 PDCs were grown with 50,000 ultraviolet-irradiated (60 mJ) U937 cells in the presence of 0.5 mg ml 21 of purified IgG from anti-RNP-positive SLE patients 11 . When indicated, soluble IFN-a was used at 20 ng ml 21 and blocking IFN was achieved using a combination of anti-IFN-a (5,000 neutralizing U ml 21 ), anti-IFN-b (2,000 neutralizing U ml
21
) and mouse anti-IFN-a/b receptor MAb (20 mg ml
). Cell survival was assessed at 24-48 h by flow cytometry using Invitrogen ''live or dead cell viability kit'' according to manufacturer instructions. Measurement of NF-kB transcriptional activity. Untouched naive PDCs were purified using the PDC negative selection kit from Miltenyi Biotech and stimulated for 3 h as indicated. Alternatively monocytes were purified from human blood using CD14-conjugated beads (Miltenyi Biotech) and stimulated as indicated for 1 h. Nuclear extracts were prepared using an Active Motif nuclear extraction kit according to manufacturer instructions. Nuclear extracts (2 mg) were analysed for the binding activity of NF-kB p65 subunit using TransAM NFkB kit (Active Motif) according to manufacturer instructions. Treatment of mice and cellular analysis. 8-12-weeks-old C57BL/6 and 129 mice were purchased from Charles River. We purchased (NZBxNZW)F 1 female mice from Jackson laboratories and used at 16-17 weeks of age. In some experiments (NZBxNZW)F 1 female mice were used at 3 weeks of age. TLR7.6 transgenic mice overexpressing TLR7 (C57BL/6 background) were previously described 23 and used at 8 weeks of age. Mice were pre-bled in the morning and immediately treated with intraperitoneal glucocorticoid (dexamethasone, Sigma). In some experiments DEX (intraperitoneal) was combined with TLR7 and 9 inhibitors (IRS; sub-cutaneous) as specified in figure legends. We analysed mice 18 h after DEX administration. We performed flow cytometric analyses using fluorochrome-conjugated monoclonal antibodies to mouse CD3, CD11b, GR1, B220, CD11c (BD bioscience), PDCA1 (Miltenyi Biotech) and 120G8 (Invitrogen). Specific gating was done as follow: PDCs were CD11c low, B220 For quantification of cellular subsets in the spleen collagenase D-treated splenocytes suspension were counted before performing flow cytometric analysis and total number of specific subsets was calculated as a percentage. Absolute cell numbers in blood was calculated by adding an internal microsphere counting standard to the flow cytometry samples (CountBright counting beads; Invitrogen). Real-time quantitative PCR (TaqMan) analysis. PCR reactions were performed as described previously 11 . In brief, RNA was extracted from collagenase D-treated splenocyte suspensions using the Qiagen RNA kit and cDNA was generated with SuperScript First-Strand Synthesis System (Invitrogen). Gene expression levels were calculated based on relative threshold cycle (C t ) values. This was done using the formula RelativeC t~1 0 5 |1:8 (HSK {GENE) , where HSK is the mean C t of triplicate housekeeping gene runs (we used ubiquitin), GENE is the mean C t of duplicate runs of the gene of interest, and 10 5 is arbitrarily chosen as a factor to bring all values above 0. Statistical analysis. Data were analysed using a Mann-Whitney U-test (2-tailed Student's t-test using non parametric criteria for independent samples). All analyses were performed using Prism software (GraphPad Software). Differences were considered significant at a P level less than 0.05.
